Abstract. Interferon tau (IFNT) is the pregnancy recognition signal from ruminant conceptuses. IFNT also acts with P4 to induce expression of genes for transport of nutrients, such as glucose (Gluc) and arginine (Arg) into the uterine lumen to activate mechanistic mammalian target of rapamycin (MTOR) cell signaling that stimulates proliferation, migration, gene transcription and mRNA translation by conceptus trophectoderm (Tr). In ewes, Arg and Gluc increase significantly in the uterine lumen between Days 10 and 15 of pregnancy due to increased expression of transporters for Gluc (SLC2A1 and SLC5A1) and Arg (SLC7A2B) by uterine epithelia. Arg and Gluc stimulate proliferation, migration and mRNA translation by Tr. Arg increases expression of GTP cyclohydrolase 1 (GCH1) and IFNT mRNAs while Arg and Gluc increase ornithine decarboxylase, nitric oxide synthase 2, and GCH1 mRNAs and proteins by Tr cells. GCH1 is required for synthesis of tetrahydrobiopterin, an essential cofactor for all NOS isoforms. Arg is metabolized to nitric oxide and polyamines that increase proliferation and migration of Tr cells. In pigs, Gluc, Arg, leucine (Leu) and glutamine (Gln) increase in the uterine lumen between Days 12 and 15 of pregnancy due to enhanced expression of transporters for Gluc and amino acids. Transporters for Gluc in porcine uterine LE (SLC2A1) and conceptus trophectoderm (SLC2A2) are abundant. Transporters for glutamate and neutral (SLC1A1, SLC1A4) and cationic (SLC7A1, SLC7A2, SLC7A7, SLC7A9) amino acids are expressed in uterine LE and SLC7A3 mRNA is expressed in conceptus Tr. Arg and Leu increase MTOR cell signaling and proliferation of pig Tr, as do Gluc and fructose. Azaserine, an inhibitor of hexosamine biosynthesis, inhibits effects of Gluc and fructose. Thus, select nutrients in the uterine lumen affect gene transcription and mRNA translation to affect conceptus development. Key words: Amino acids, Fructose, Glucose, Uterus conceptus development (J. Reprod. Dev. 58: [180][181][182][183][184][185][186][187][188] 2012) E stimates of embryonic death loss in mammals range from 20 to 40 percent and two-thirds of these losses occur during the peri-implantation period of pregnancy [1] . Establishment and maintenance of pregnancy requires appropriate development of the conceptus (embryo/fetus and its extra-embryonic membranes) for pregnancy recognition signaling to ensure maintenance of a functional corpus luteum (CL) to secrete progesterone (P4) that is required for an intrauterine environment that supports implantation, placentation and uterine functions essential for successful outcomes of pregnancy [2] . Interactions among the conceptus and uterine cell types, especially luminal (LE), superficial glandular (sGE) and glandular (GE) epithelia and stromal cells (SC), are essential for conceptus development, signaling for maternal recognition of pregnancy, uterine blood flow, water and electrolyte movement, transport of sugars and amino acids into the uterine lumen, as well as secretion of proteins by uterine epithelia and trophectoderm of the conceptus. Collectively, the components of uterine secretions and molecules transported into the uterine lumen are referred to as histotroph [3] . Individual conceptuses may fail to develop or not develop normally due to their failure to respond to components of histotroph that orchestrate their growth and development during the peri-implantation period of pregnancy. This review focuses primarily on select nutrients that are transported from maternal blood across the uterine epithelia and into the uterine lumen to affect conceptus development in sheep and pigs.
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Pregnancy Recognition Signaling
Pregnancy recognition signaling mechanisms are variable among species and represent the natural evolution of strategies whereby the conceptus and maternal uterus communicate during the peri-implantation period and throughout pregnancy. Within the appropriate uterine environment, mammalian conceptuses signal pregnancy recognition to ensure maintenance of functional CL for production of P4. It is within the peri-implantation period that most embryonic deaths occur due to deficiencies attributed to uterine functions or to failure of the conceptus to develop appropriately, signal pregnancy recognition and/or undergo implantation and placentation.
Pregnancy recognition in ewes
Interferon tau (IFNT), the pregnancy recognition signal in ruminants, is secreted by mononuclear trophectoderm cells between Days 10 and 21 of pregnancy [4, 5] . IFNT suppresses transcription of estrogen receptor alpha (ESR1) and, therefore, estrogen-induced expression of the OXTR gene in uterine LE/sGE to abrogate development of the uterine luteolytic mechanism requiring OXT-induced luteolytic pulses of prostaglandin F 2α (PGF). However, the uterus continues to secrete PGF to a greater extent in pregnant than cyclic ewes due to continued expression of prostaglandin synthase 2 (PTGS2). During the period of pregnancy recognition in ewes, P4 down-regulates expression of PGR in uterine epithelia between Days 12 to 13 after onset of estrus. Progesterone receptors (PGR) are not expressed during pregnancy which allows for expression of P4-induced and IFNT-stimulated genes in ovine uterine LE/sGE that are critical to conceptus growth and development.
Pregnancy recognition in pigs
Maternal recognition of pregnancy occurs on Days 11 to 12 in pigs. Pig conceptuses initially secrete estradiol-17β (E2) on Days 11 and 12 of pregnancy which activates mechanisms that redirect PGF secretion away from the uterine vasculature and into the uterine lumen. The theory of E2-induced maternal recognition of pregnancy in pigs is based on evidence that: (i) the uterine epithelia of nonpregnant gilts and sows secrete luteolytic PGF; (ii) pig conceptuses secrete E2 which is antiluteolytic; (iii) PGF is secreted into the uterine vasculature (endocrine) in cyclic gilts to induce luteolysis; and (iv) secretion of PGF in pregnant gilts is secreted into the uterine lumen (exocrine) where it is sequestered and metabolized to prevent its transport to CL to cause luteolysis [6] . In addition, PGE2 and lysophosphatidic acid (LPA) are important during pregnancy. Expression of PGE2 synthase by trophoblast and endometrium decreases production of PGF to favor PGE2 that supports CL maintenance. In addition, LPA increases in the uterine lumen of pigs, LPA receptors (LPAR3) are expressed by pig conceptuses and expression of LPAR3 increases in uterine epithelia in response to E2 during early pregnancy [7] . Further, LPA3 is essential for migration and spacing of pig blastocysts which is critical to implantation and placentation [8] .
The Uterine Lumenal Microenvironment Derives from the Secretome and Selective Transport of Nutrients
A multitude of genes are expressed in a cell-specific and temporal manner by uterine LE, sGE, GE, SC, and resident immune cells that encode for secreted molecules and transporters of nutrients that create within the uterine lumen a complex mixture of molecules referred to as histotroph (Fig. 1) . Histotroph includes proteins, ions, mitogens, cytokines, lymphokines, enzymes, hormones, growth factors, proteases and protease inhibitors, amino acids, glucose, fructose, vitamins and other substances. In the absence of uterine glands pregnancy fails early in the peri-implantation period of pregnancy in ewes [9] and embryonic mortality is increased and litter size is decreased in pigs in which normal development of the uterine glands is compromised [10] .
Of particular interest in this review are the roles of amino acids, glucose (Gluc) and fructose in supporting conceptus development in sheep and pigs. Mouse blastocysts are known to arrest in development when maintained for 5 days in culture medium lacking arginine (Arg), lysine and histidine [11] , amino acids that cannot be synthesized by blastocysts. This result suggests that blastocyst expansion and implantation in vivo likely requires that these specific amino acids are present within the uterine lumen. Subsequently it was determined that mouse blastocysts require either leucine (Leu) or Arg in culture medium to exhibit expansion, motility and outgrowth of trophectoderm [12, 13] . Both Leu and Arg initiate cell signaling via either serine-threonine kinase or mechanistic target of rapamycin (MTOR) cell signaling pathways to regulate protein synthesis and catabolism, and increase expression of mRNAs for insulin-like growth factor 2 (IGF2) [14] , nitric oxide synthase (NOS) for synthesis of nitric oxide (NO) [12] and ornithine decarboxylase (ODC1) for synthesis of polyamines (putrescine, spermine and spermidine) [15] . Studies of mouse and human blastocysts revealed at least 14 amino acid transporters in the pregnant uterus, but the Leu-selective system B 0,+ likely controls uptake of Leu and other amino acids that induce MTOR signaling critical to conceptus development [12] . This may allow the conceptus and uterus to coordinate differentiation of trophectoderm with development of uterine epithelia receptive to implantation. For example, Arg can be converted to ornithine by arginase and ornithine converted to putrescine, a polyamine, by ODC1 [16] . Polyamines stimulate proliferation and migration of trophectoderm cells and are required for the transition of mink blastocysts in delayed implantation to an activated state for expansion and implantation [17, 18] . Arg can also be metabolized by NOS to NO that stimulates proliferation and migration of ovine trophectoderm cells [19] . Arg may stimulate other cell signaling pathways, such as Rac activation [20] , to stimulate cell proliferation and migration. Arg can also activate mitogen-activated protein kinase/extracellular-signal-regulated kinase (MEK/ERK) signaling, but the mechanism(s) whereby arginine activates MTOR complex 1 (MTORC1)/MTORC2 and/ or MEK/ERK is not known [21] .
Unpublished results from our laboratory using an established pig trophectoderm cell line (pTr2) [22] indicate that select nutrients not only affect MTOR cell signaling, but a number of other key pathways affecting conceptus development (J. Kim and F.W. Bazer, unpublished results). First, Leu affects phosphorylation of β-catenin (also known as catenin (cadherin-associated protein), beta 1; CTNNB1) and cadherin in pTr2 cells and these proteins are involved in morula to blastocyst transition during embryonic development that is dependent on the formation of tight junction complexes [23, 24] . Our preliminary results indicate that CTNNB1 phosphorylations at sties on adjacent cell membranes in response to Leu is inhibited dependent on PI3K (i.e., it is inhibited by LY294002), but not MTOR (i.e., it is not inhibited by rapamycin). Formation of tight junctions and adherens junctions including binding of the catenin-cadherin complex to actin cytoskeleton is necessary for polarization of blastomeres in morula stage embryos and is a prerequisite for formation of the blastocyst [25] . The polarized trophectoderm can engage in active transport of water and select nutrients into the blastocoel [26, 27] .
Select nutrients also appear to effect changes in the organization of actin filaments in pTr2 cells (J. Kim and F.W. Bazer, unpublished results). The actin filaments of pTr2 cells in medium without Arg or Leu are closely grouped and parallel to the lateral cell wall whereas the actin filaments assume a basket-like arrangement with equidistant spacing along the entire surface of the pTr2 cells in the presence of Arg or Leu. The change in orientation of the actin filaments may contribute to changes in shape of pig blastocysts as they transition from spherical to tubular and filamentous forms. Published results indicate that pig trophectoderm cells in the elongation zone are columnar compared to cuboidal in areas peripheral to the elongation zone and this structural modification is associated with changes in length and orientation of microfilaments as early as in 10 mm diameter blastocysts [28, 29] . Within the elongation zone, alterations in microfilaments and junctional complexes of pig trophectoderm cells and extension of filopodia from extra-embryonic endodermal cells allow movement and redistribution of cells toward the ends of tubular blastocysts. The actin cytoskeleton in pig trophectoderm cells during the transition from spherical to tubular and filamentous forms initially exhibits a pericellular distribution that later forms continuous actin-rich lateral borders and stress fibers along their basal surface [30, 31] . The actin cytoskeleton, in association with myosin II, is essential for force generation for conceptus elongation as constricted regions along the length of filamentous conceptuses contain polarized trophectoderm cells with a distinct F-actin array. This mechanism for elongation of pig conceptuses is likely similar for conceptuses of sheep and other livestock species in which elongation occurs due to a reduction in diameter and a rapid increase in length of trophectoderm.
Phosphorylation of serine 10 in the tail of histone H3 is involved in both transcription and mitosis, requiring opposite alterations in chromatin condensation. Histone H3 phosphorylation at serine10 by ribosomal protein S6 kinase (90 kd RPS6KA or RSK) is linked to transcriptional activation of mitogen-stimulated immediate-early response genes, such as c-fos and c-jun and other inducible genes and oncogenes [32] . In addition, histone H3 phosphorylation at serine10 is colocalized with phosphorylated MTOR and ribosomal protein S6 kinase (70 kd RPS6K) associated with the mitotic spindle and mitosis in highly proliferative cells [33] . Cross-talk resulting from phosphorylation of histone H3 at serine 10 can enhance acetylation of histone H3 at lysine 14, abolish acetylation of histone H3 at lysine 9 and inhibit methylation of histone H3 at lysine 9. Using the pTr2 cell line, Arg and Leu stimulated phosphorylation of histone H3 at serine 10 and this effect was also induced to a lesser extent when pTr2 cells were treated with glutamine (Gln) and Gluc (J. Kim and F.W. Bazer, unpublished results). These results indicate that select nutrients also stimulate transcription of genes critical to growth and development of trophoblast cells. Further, these results suggest that MTOR/S6K1 and MAPK/RSK signaling pathways coordinately regulate conceptus and trophoblast development by influencing uptake of nutrients.
The ewe
The primary roles of IFNT are to: 1) abrogate development of the uterine luteolytic mechanism to ensure maintenance of ovarian CL to produce P4; and 2) silence expression of ESR1 to ensure that PGR are not up-regulated in uterine epithelia which allows for expression of many genes [3] [4] [5] . Another key role of IFNT is induction of expression of interferon regulatory factor 2 (IRF2) in uterine LE/sGE to directly silence expression of classical interferon stimulated genes, including signal transducer and activator of transcription (STAT1 and STAT2) and IRF9 by those cells. In the absence of PGR and STAT1 in uterine LE/sGE, P4 induces and IFNT further stimulates expression of a growing number of genes by uterine LE/sGE that are in direct contact with conceptus trophectoderm and are critical to development of the conceptus. However, IFNT also induces expression of classical interferon stimulated genes in uterine GE and stromal cells that may be important in pregnancy.
A paradox is that cessation of expression of PGR and ESR1 by uterine epithelia is a prerequisite for uterine receptivity to implantation and for expression of genes induced by P4 alone, IFNT alone or induced by P4 and further stimulated by IFNT in uterine LE/ sGE, GE and SC (see Table 1 ). Down-regulation of PGR in ovine uterine LE is correlated with loss of MUC1 (mucin 1, cell surface associated) which is a prerequisite for attachment of conceptus trophectoderm to uterine LE for implantation [34] . Silencing expression of PGR in uterine epithelia is preceded by P4 actions via PGR-positive uterine SC to induce expression of one or more progestamedins, e.g., fibroblast growth factor-7 (FGF7), FGF10 and/or hepatocyte growth factor (HGF). These growth factors exert paracrine effects on uterine LE/sGE, GE and conceptus trophectoderm that express receptors for FGF7 and FGF10 (FGFR2IIIb) and HGF (MET; protooncogene MET) in ewes, but FGF10 is the primary progestamedin expressed by uterine SC [35] [36] [37] .
Genes induced by P4 and further stimulated by IFNT in ovine uterine LE/sGE lacking PGR and STAT1 and in direct contact with conceptus trophectoderm during the peri-implantation of pregnancy include [3] [4] [5] : 1) morphogens (gastrin releasing peptide, GRP and IRF6); 2) proteases (cathepsin L, CSTL); 3) protease inhibitors (cystatin C, CST3); 4) mediators of cell migration and adhesion including galectin 15 (LGALS15), periostin (POSTN) and insulin-like growth factor binding protein 1 (IGFBP1); 5) hypoxia inducible factors (HIF1A and HIF2A) that stimulate angiogenesis and erythropoiesis; 6) hydroxysteroid dehydrogenase 11B (HSD11B1) that mediates corticosterone metabolism and expression of glucocorticoid recetors (GCCR); 7) synthesis of prostaglandins (prostaglandin synthase 2, PTGS2) [46] ; and 8) IRF2 a potent repressor of transcription [3] [4] [5] . In addition, P4 induces and IFNT further stimulates a number of genes required for transport of Gluc (solute carrier family 2 (facilitated Gluc transporter), member 1, SLC2A1; SLC5A11) and cationic amino acids such as Arg (solute carrier family 7 (cationic amino acid transporter, y+ system), member 2, SLC7A2).
Conceptus growth and development requires amino acids, Gluc, fatty acids, vitamins and minerals. Before placentation, these nutrients are transported from maternal plasma into the uterine lumen. Thereafter, they are supplied to the fetus through the umbilical circulation. Both amino acids and Gluc are major sources of energy for the embryo/fetus and amino acids are building blocks of proteins and some amino acids (e.g., branched-chain amino acids, glutamate, serine, and proline) undergo extensive catabolism in the placenta [16] . Gln is the most abundant amino acid in fetal plasma and is present at exceedingly high concentrations in fetal fluids (2-20 mM depending on Day of gestation) [16] . Interestingly, the placentae of sheep, pigs and rats have a limited ability to degrade Gln due to the lack of glutaminase and use Arg in a species-dependent manner. For example, the ovine placentome actively degrades Arg by arginase, but the porcine placenta lacks this pathway [16] . Notably, the ovine conceptus uses citrulline as an effective precursor of Arg to support fetal growth [38, 39] .
The MTOR cell signaling pathway is an evolutionarily conserved serine/threonine kinase located downstream of PI3K that is central to control of cell growth and proliferation through regulation of mRNA translation for protein synthesis and cell proliferation [40] . Cellular events directly controlled by the MTOR pathway include mRNA translation, ribosome synthesis, expression of metabolismrelated genes, autophagy and cytoskeletal reorganization [41] . During embryonic development, molecules that stimulate MTOR activity may also stimulate translation of mRNAs critical to blastocyst/conceptus development, including insulin-like growth factor 2 (IGF2) and actions of selected amino acids as MTOR is a "nutrient sensing system" [12] . Cell signaling via MTOR stimulates cell migration and invasion, as well as cell growth and proliferation in different cell types [42] . In fact, mTOR/Frap1 null mice die shortly after implantation due to impaired cell proliferation and hypertrophy in both the embryonic disc and trophoblast [43] .
Nutrients are essential components of histotroph required for development and survival of conceptuses during pregnancy [16, 44] . Results from a systematic study of temporal and cell-specific changes in expression of transporters for Gluc and amino acids, their regulation by P4 and/or IFNT, changes in expression of NOS isoforms, ODC and related proteins, as well as components of MTORC1 and MTORC2 cell signaling in ovine uteri and conceptuses have been reported [45] [46] [47] [48] [49] [50] . The results indicate that: 1) total recoverable Gluc, Arg, Leu, Gln, glutathione, calcium and sodium are more abundant in the uterine lumen of pregnant than cyclic ewes between Days 10 and 16 after onset of estrus or mating; 2) uteri and conceptuses express tissue and cell-specific facilitative and sodium-dependent transporters for Gluc, as well as for cationic, acidic and neutral amino acids, some of which are regulated by P4 or P4 and IFNT; 3) transport of Arg into the uterine lumen and uptake by conceptuses is by System y+ (SLC7A1, A2, and A3) cationic amino acid transporters; 4) NOS1 and ODC1 are most abundant in uterine LE/sGE while NOS3 is most abundant in trophectoderm and endoderm of conceptuses; 5) expression of GCH1, the key enzyme for synthesis of tetrahydrobiopterin, a cofactor for NO production by all NOS isoforms, as well as ODC1 and NOS1 are more abundant in conceptuses than uterine cells; and 6) P4 stimulates expression of NOS1 and GCH1, while IFNT inhibits expression of NOS1. Further, components of both the MTORC1 and MTORC2 cell signaling pathways (FKBP12-rapamycin complexassociated protein 1,FRAP1; MTOR-associated protein LST8, LST8; mitogen-activated protein kinase-associated protein 1, MAPKAP1; regulatory associated protein of MTOR, RAPTOR; rapamycin insensitive companion of MTOR, RICTOR; tuberous sclerosis 1, TSC1; TSC2; ras homolog enriched in brain, RHEB; and eukaryotic initiation factor 4 E binding protein, EIF4EBP1) are localized to uterine LE/sGE, GE and SC, as well as trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy. The abundance of FRAP1, RAPTOR, RICTOR, TSC1 and TSC2 mRNAs in the uterine endometrium was not affected by pregnancy status, day of the estrous cycle or day of pregnancy. However, expression of LST8, MAPKAP1, RHEB and EIF4EBP1 mRNAs increased only in the endometrium during early pregnancy. Further, P4 and IFNT stimulated expression of RHEB and EIF4EBP1 in uterine endometria. Importantly, FRAP1 was abundant in cytoplasm and phosphorylated FRAP1 was very abundant in nuclei of ovine trophectoderm cells and endoderm, and increases in abundance of RICTOR, RHEB and EIF4EBP1, and RHEB protein in endometria were coordinate with rapid conceptus growth and development during the peri-implantation period. These results suggest differential effects of MTORC1 and MTORC2 on elongation of ovine conceptuses.
Results of recent in vitro studies [19, 51] with an established ovine trophectoderm cell line (oTr) indicated novel cell signaling whereby: 1) Arg activates MTOR cell signaling and phosphorylation of ribosomal protein s6 kinase, 70kd, 2 (RPS6KB); Arg, Leu and Gluc increase phosphorylation of V-AKT murine thymoma viral oncogene homolog 1 (AKT1), glycogen synthase kinase 3B (GSK3B), FRAP1 and RPS6KA2 proteins; 3) Arg increases the abundance of phosphorylated RPS6KB (pRPS6KB) and pRPS6 in the cytoplasm of oTr cells; and 4) Arg stimulation of proliferation of oTr cells is inhibited by inhibitors of production of both NO and polyamines (Fig. 2) .
Kim et al. [52] used Day 16 ovine conceptuses for explants cultures to determined effects of Arg, Leu, Gln and Gluc on gene expression and protein synthesis. Expression of MTOR, RPS6K, RPS6 and 4EBP1 mRNAs were not affected by treatment with any of the select nutrients. Similarly, expression of IFNT, NOS2, NOS3 and ODC1 mRNAs were not different except for GCH1 mRNA which increased in response to Arg. Importantly, Arg, Leu, Gln and Gluc increased the abundance of pMTOR, pRPS6K, pRPS6 and p4EBP1 proteins, as well as NOS and ODC1 proteins, but only Arg increased the abundance of IFNT protein. These findings indicate that the select nutrients tested stimulate translation of mRNAs to increase synthesis of proteins through phosphorylation and activation of components of the MTOR signaling pathway. An increase in abundance of IFNT protein, the pregnancy recognition signal, NOS2, NOS3 and GCH1 for conversion of Arg to NO, and ODC1 for synthesis of polyamines are all important for growth and development of the ovine conceptus during pregnancy.
An ovine model of early administration of exogenous P4 at 36 h after onset of estrus, i.e., about 6 h post-ovulation, has been used to advance conceptus development and IFNT secretion in ewes. Using this model, early P4 accelerated conceptus development was associated with advanced expression of uterine genes essential for events of early pregnancy that favor survival, growth and development of the conceptus [37, [53] [54] [55] . An early increase in circulating concentrations of P4: 1) advanced the time of down-regulation of PGR in uterine epithelia and onset of secretion and abundance of IFNT in uterine flushings; 2) increased abundance of LGALS15, CTSL, GRP, stanniocalcin 1 (STC1), and IGFBP1 by uterine LE/ sGE [37, 53, [56] [57] [58] [59] ; 3) increased expression of FGF10 and MET mRNA, suggesting that FGF10 is the primary uterine stromal cell-derived progestamedin stimulated by P4 [37] ; 4) increased MET mRNA to increase responsiveness of uterine LE/sGE to HGF and enhance conceptus development as FGFR2IIIb and MET are expressed by both uterine epithelia and trophectoderm [35] [36] [37] ; 5) transiently decreased tight-junction associated proteins in uterine LE that may facilitate paracellular trafficking and/or transport of stromal and serum-derived molecules [54] ; 6) increased total recoverable Gluc, aspartic acid, asparagine, serine, alanine, Gln, beta-alanine, citrulline, Arg, and lysine in the uterine lumen on Day 9 [55] ; 7) increased steady-state levels of SLC2A1 and SLC5A1 mRNAs and proteins in uterine LE/sGE for glucose transport; and 8) increased steady-state levels of SLC7A2 mRNA in uterine LE/ sGE for transport of cationic amino acids, particularly Arg [55] . NO is a key regulator of angiogenesis during pregnancy that is derived from NOS3 and/or NOS2 expressed by placentae of rodents, humans, pigs, and sheep. Polyamines and NO are essential to placental growth and angiogenesis as rats fed Arg-free diets experience reduced NO synthesis, increased fetal resorptions, intrauterine growth retardation (IUGR), increased perinatal mortality and decreased numbers of live pups at birth [16] . Also, oral administration of Arg (3 g daily for 4 weeks) to women with preeclampsia increased NO synthesis which was associated with reduced blood pressure, prolonged pregnancy, improved fetal well-being, enhanced fetal growth and uterine quiescence to prevent preterm labor [16] . In ewes, placental synthesis of NO and polyamines is essential for placental angiogenesis and growth that increase markedly between Days 30 and 60 of gestation when placental growth and placentomal development are most rapid [60] . Inhibition of NOS or ODC1 activity during early pregnancy markedly reduces placental size that leads to IUGR in rats. Increases in NO synthesis in sheep placentomes from Day 100 of gestation are coordinate with significant increases in placental-fetal blood flow and rapid fetal growth. In ovine placentae and endometria, both NADPH and BH4 increase markedly between Days 40 and 60 of gestation along with increases in concentrations of citrulline (the precursor of Arg) and Arg in allantoic fluid. Between Days 80 and 100 of gestation, BH4 concentrations also increase in placentomes and endometria, as do concentrations of Arg in allantoic fluid. Arg is a potential regulator of the pentose cycle activity and a stimulator of endothelial GCH1 expression critical for regulating the synthesis of NADPH and BH4 and NO production in placenta and endometrium which prevents or ameliorates intrauterine growth retardation and development of hypertension and pre-eclampsia [16] .
The pig
Pig conceptuses secrete E2 between Days 10 and 15 for pregnancy recognition, but also to increase expression of genes by uterine LE that act on conceptus trophectoderm to stimulate proliferation, migration, adhesion and gene expression that supports implantation and development of the conceptus. The increase in secretion of E2 between Days 15 and 30 of pregnancy also increases expression of endometrial receptors for PRL, uterine secretory activity and uterine blood flow. The limited number of E2-stimulated genes that have been localized in endometria of pigs include: aldo-keto reductase family 1, member B1 (AKR1B1), beta 2 microglobulin (B2M ), CD24 antigen (CD24), lysophophatidic acid receptor (LPAR3), FGF7, IRF2, myxovirus resistance 1, mouse, homolog of (MX1), neuromedin B (NMB), swine leukocyte antigens (SLAs  1, 2, 3, 6, 7, 8) , SLC5A1, SLC2A1 and SLC2A4, SPP1 and STC1 [61] . IGF1 is expressed by uterine glands of cyclic and pregnant pigs and IGF1 receptors are expressed by cells of the endometrium and conceptuses, suggesting paracrine and autocrine effects of IGFI. Although FGF7 is a unique SC-derived paracrine mediator of hormone-regulated epithelial growth and differentiation, the uterine luminal epithelium of the pig is unique in its expression of FGF7 in response to E2 with P4 being permissive to effects of E2 [62] . FGF7 binds to and activates FGFR2IIIb expressed by uterine epithelia and conceptus trophectoderm to increase cell proliferation, phosphorylated FGFR2IIIb, the MAPK cascade and expression of urokinase-typeplasminogen activator (PLAU), a marker for trophectoderm cell differentiation.
From about Day 20 of pregnancy, FGF7 is expressed by uterine GE in response to P4 and is presumed to continue to affect uterine epithelia and conceptus development in pigs [63, 64] . Indeed, P4 has profound effects on the expression of genes in pig uterine epithelia, particularly in the GE. Long-term administration of P4 to ovariectomized gilts supports initial gene regulatory events that occur during the late luteal phase and the peri-implantation period of intact cyclic and pregnant pigs including down-regulation of PGR in uterine LE and GE, and induction of acid phosphatase 5, tartrate resistant (ACP5, commonly referred to as uteroferrin) in GE, but disregulates some delayed gene expression that occurs after Day 30 of pregnancy including induction of SPP1 in GE. Notably, FGF7 has a similar pattern of GE expression to SPP1 during pig pregnancy, but diverges from SPP1 in its endocrine regulation in that it is induced in GE by long-term progesterone whereas SPP1 is not increased in GE by P4 alone. Collectively, these results suggest that the hormonal milieu necessary for the production of histotroph from GE varies for its individual components, and that genes that delay expression in GE until after the peri-implantation period may require specific servomechanisms of sequential exposure of the pregnant endometrium to ovarian, conceptus/placental and/ or uterine factors that may include progesterone, estrogens, IFNs and prolactin [64, 65] .
Glucose present in the intrauterine environment of pigs and sheep can be metabolized, activate cell signaling pathways or be converted to a "storage" form. Total recoverable Gluc in uterine fluid of pregnant, but not cyclic pigs increases from Day 12 after onset of estrus in concert with conceptus elongation [63] . Studies of sexually mature gilts to identify effects of pregnancy, long-term treatment of ovariectomized gilts with P4 and E2-induced pseudopregnancy on changes in amounts of select nutrients (Gluc, Arg, Leu and Gln) in uterine fluid and expression of Gluc transporters in endometria and conceptuses were conducted [G.A. Johnson 255±178,599 vs. 13,983±5,225 ), but due to high variability and small sample size these differences were not statistically significant. We also determined that uterine flushings from gilts on Day 90 of pseudopregnancy contained significant amounts (nmol) of Gluc (14,007±3,946), Arg (9,051±1,959), Gln (4,949±1,449) and Leu (2,455±771).
A series of experiments were recently performed to examine glucose, amino acids, the facilitated glucose transporters SLC2A1-4, the sodium dependent glucose transporters SLC5A1 and SLC5A11, and the amino acid transporters SLC7A1-3, SLC7A8, SLC6A9 and SLC38A1 [G.A. Johnson and F.W. Bazer, unpublished results]. As reported above, Glucose, Arg, Leu and Gln increased in uterine flushings with day of the cycle and pregnancy, but only Arg increased to a greater extent in pregnant than cyclic gilts on Days 12 and 15. SLC2A3, SLC5A11, SLC7A1 and SLC7A2 mRNAs were not detectable by in situ hybridization in conceptus or uterine tissues. Expression patterns for SLC2A1 and SLC2A4 were similar, but SLC2A4 was more abundant in conceptuses and in uterine LE from Days 15 through 80. SLC2A2 mRNA was abundant in conceptuses from Days 12 to 40, decreased to Day 50 and then increased and was maintained specifically in placental areolae to Day 85. SLC5A1 mRNA was only expressed in uterine LE between Days 9 and 15 of pregnancy. SLC7A3, an Arg transporter, increased in the entire chorion between Days 25 and 30, and expression was maintained to Day 85. When cyclic gilts were treated with E2-benzoate to produce pseudopregnancy, the uterine flushings contained significant amounts (nmol; means ± SEM, n = 4) (14.01±3.95), Arg (9.05±1.96), Gln (4.95±1.45) and Leu (2.46±0.77). SLC2A1, SLC2A4 and SLC4A1 mRNAs were expressed in the LE of pseudopregnant gilts. When gilts were ovariectomized and injected daily with P4, values (µmol; means ± SEM, n = 4) were greater for P4-treated than control gilts, respectively, for glucose (4.96±2.53 vs.0.73±0.13), Arg (207±160 vs. 7.41±2.88) and Leu (248±178 vs. 14.0±5.23). SLC2A1 and SLC2A4 mRNAs were expressed in uterine LE of P4-treated gilts. Interestingly the small neutral amino acids, serine, glycine, threonine and alanine were all significantly increased in uterine flushings of P4-treated gilts. Further, the mRNAs of two transporters for these amino acids, SLC7A8 and SLC38A1, were more abundant in endometria from pregnant, pseudopregnant and P4-treated gilts as determined by slot blot hybridization. Therefore results in pigs indicate: 1) high expression of SLC7A3 in the chorion when Arg transport across the placenta is maximal; 2) SLC5A1 expression is induced in LE by estrogens, likely from conceptuses; and 3) long-term effects of P4 increase uterine secretion of small neutral amino acids. It is likely that the select nutrients that increase in the uterine lumen due to these changes in transporter expression influence proliferation, migration, attachment and gene expression necessary for conceptus development and survival in pigs.
We evaluated effects of Gluc and fructose (Fruc) to determine that both stimulate proliferation of pTr2 cells in vitro and that their effects are inhibited by azaserine, an inhibitor of Gln:Fruc-6-phosphate transaminase 1 (GFPT1) that converts Fruc-6-PO4 to glucosamine-6-PO4 (J. Kim and F.W. Bazer, unpublished results). Further, both Gluc and Fruc metabolism via the hexosamine pathway (Fig. 3) leads to synthesis of hyaluronic acid in increasing amounts over a 5 day period of culture of pTr2 cells. There is also evidence that Gluc is converted to glucosamine-6-PO4 and then to UDP-N acetyl-glucosamine that phosphorylated TSC2 to remove inhibition from MTOR cell signaling that results in affects growth and development of trophoblast [64] .
Summary
The review of effects of select nutrients, particularly Arg, but also Leu, Gln and Gluc indicate differential effects on activation of the MTORC1 nutrient sensing pathway for growth, development and differentiation, and implantation of ovine and porcine conceptuses during the peri-implantation period of pregnancy. Early exogenous P4 increases circulating concentrations of P4 in blood that, in turn, increases the abundance of select nutrients, particularly Arg Fig. 3 . Glucosamine-fructose-6-phosphate aminotransferase isomerizing 1 enzyme is encoded by the GFPT1 gene. Glutamine-fructose-6-phosphate transaminase 1 is the first and rate-limiting enzyme in the hexosamine pathway that controls the flux of glucose and fructose into the hexosamine pathway and catalyzes the formation of glucosamine 6-phosphate. Glucosamine-6-phosphate is synthesized from fructose 6-phosphate and glutamine as the first step in the hexosamine biosynthesis pathway that results in synthesis of Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) which is used for making glycosaminoglycans (e.g., chondroitin sulfates, dermatan sulfates, heparan sulfate and heparin, keratan sulfates, and hyaluronic acid) which are the polysaccharide subunits in proteoglycans, as well as glycolipids. UDP-GlcNAc is involved in intracellular signaling, nuclear pore formation and nuclear signalling and the glucose sensing mechanism of cells. For example, UDP-GlcNAc leads to the phosphorylation of tuberin and activation of MTOR [66] .
and Gluc, in the uterine lumen, induces early down-regulation of PGR in uterine epithelia, accelerates blastocyst/conceptus growth and development, and advances onset of secretion of IFNT for pregnancy recognition signaling. The unique temporal and spatial expression of genes for nutrient transporters by uterine LE/sGE in direct contact with conceptus trophectoderm likely accounts for delivery of select nutrients critical to its development. The role of IRF2 in uterine LE/sGE to silence classical IFN stimulated genes allows the uterine LE/sGE to respond to P4 and IFNT by expressing a novel set of genes involved in nutrient transport, angiogenesis, cell proliferation and differentiation and tissue remodeling critical to expansion of the ovine blastocyst and then its transition to tubular and filamentous forms for implantation and placentation. Advances in transport of select nutrients, particularly Arg and Gluc, and secretion of various proteins by uterine LE/sGE and GE enrich uterine histotroph to support the advance conceptus development. Current research efforts are to determine the role of the MTORC2 pathway in conceptus elongation and mechanisms whereby P4, acting via progestamedins, acts additively or synergistically with IFNT to affect gene transcription. It is of interest that Gluc and Fruc can be metabolized by GFPT1 to glucosamine-6-PO4 and UDP-N-acetylglucosamine that act downstream of PI3K, but in FRAP1-dependent manner to stimulate proliferation of pTr2 cells.
Results of studies with sheep, mice, pigs and cattle indicate the importance of the rate of increase in circulating concentrations of P4 post-ovulation on the uterine environment and conceptus development by enhancing the abundance of select nutrients in histotroph that advance conceptus development and increase survival of conceptuses through activation of the MTORC1 nutrient sensing cell signaling pathway.
